Objective Heart failure is one of the most serious complications in Duchenne muscular dystrophy (DMD). Beta-blocker medication is known to improve the prognosis of chronic heart failure of adults, but its efficacy and safety for DMD patients has not been fully assessed. Thus we conducted a multicenter open trial. Methods Fifty-four DMD patients participated; 41 received carvedilol (BB group) and 13 did not (non BB group). All patients with an ejection fraction of less than 50% received angiotensin-converting enzyme inhibitor. Then, patients in BB group were started on carvedilol. The mean maintenance dose of carvedilol in BB group was 7.85±2.80 mg/day. Clinical signs and cardiac function were monitored regularly and statistical analysis was done. Results The survival rate free from primary endpoints (death, deterioration of heart failure and severe arrhythmia) was higher in the BB group. The survival rate free from all-cause death was also higher in the BB group, although not significantly higher. Patients with primary endpoints received lower maintenance doses of carvedilol and presented higher mean heart rates (HR) during the observation period. In the BB group, mean HR at enrollment and the reduction of mean HR were correlated with the change of ejection fraction. Although serious adverse events were rare during the introduction of carvedilol, patients with advanced cardiac dysfunction required a longer period for up-titration and frequently presented with minor complaints. Conclusion The present study suggests that carvedilol is relatively safe and can prevent cardiac events even in patients with DMD.
Introduction
Duchenne muscular dystrophy (DMD), one of the most common muscular dystrophies, is caused by a mutation of the dystrophin gene at Xp21. Respiratory failure and heart failure are inevitable and potentially lethal complications. Although respiratory management and infection control have improved the prognosis of DMD (1), it is not clear whether the prognosis of heart failure has been improved.
Today, approximately one-half of DMD patients in Japan die from heart failure (2). In DMD, various factors including respiratory failure, immobility, deformity obscure the clinical signs of heart failure and make difficult for accurate assessment of cardiac function. Thoracic deformity and poor acoustic windows hamper echocardiographic assessment. The sensitivity of natriuretic peptide is not always sufficient in these patients (3) (4) (5) (6) . In addition, for most DMD patients cardiologists are not sufficiently accessible for regular cardiac management. In the general population, evidence has accumulated regarding the benefits of angiotensin-converting enzyme inhibitors (ACEIs) (7, 8) , angiotensin II type 1 receptor blockers (ARBs) (9) (10) (11) (12) , and beta-blockers (13) (14) (15) (16) (17) (18) (19) for chronic heart failure. Recently, ACEIs have been recognized as the primary agents for cardiac dysfunction in patients with muscular dystrophies (20, 21) . Although betablockers have been gradually used in heart failure for these patients, they have not become as popular as ACEIs/ARBs. The concern about adverse effects (22, 23) of beta-blockers and the lack of sufficient evidence for their use in children (24, 25) and in muscular dystrophies (21, 26) deters physicians from prescribing them. Considering the nature of DMD, cardiac function should be monitored regularly from diagnosis of the disease and cardioprotective therapy should be initiated from an early stage of cardiac dysfunction (5, 21, 26) . In addition, it is also important for the general physician to design a safe way to titrate beta-blockers in advanced cases (23) . We therefore conducted a prospective multicenter trial to assess the effectiveness and safety of carvedilol in DMD.
Subjects
The protocol of this study was reviewed and approved by the ethics committee in each center. Subjects were DMD patients who were managed at our hospitals and provided informed consent (obtained from parents or guardians for juvenile patients). The following exclusion criteria were applied: acute heart failure, active asthma, severe uncontrolled arrhythmia, advanced atrioventricular block, therapy with agents influencing the sympathetic nervous system, bradycardia <50 beats per minutes (bpm), systolic blood pressure <80 mmHg, severe structural deformity precluding ultrasound cardiography (UCG), and contraindications to ACEIs, ARBs, or beta-blockers. Fifty-four patients were eventually enrolled in this study.
For ethical reasons, allocation to groups was performed in an open manner and 49 patients chose their own treatments. Forty-one patients were assigned to treatment with carvedilol (BB group) and 13 were assigned to treatment without carvedilol (non BB group). No participants had complaints associated with cardiac dysfunction at enrollment.
Methods

Study design
When LVEF was less than 50%, all patients received ACEIs or ARBs. Carvedilol was introduced in the BB group after patients were stable on ACEIs or ARBs for at least one month. Since many patients had low body weight (less than 35 kg) and our previous study of patients with advanced cardiac dysfunction (LVEF <40%) showed frequent minor adverse effects during titration of a beta-blocker (23), carvedilol was started at a low dose (0.3125 mg or 0.625 mg twice daily) and gradually increased under careful monitoring of vital signs and symptoms. Most patients were hospitalized for commencement of carvedilol.
Because symptoms of heart failure are often obscure and the sensitivity of standard indexes of cardiac function is not sufficient in DMD patients, we sometimes experienced acute exacerbation of heart failure caused by minor stress when their LVEF below 30%. These facts made us uneasy to introduce a beta-blocker. One of the purposes of this study was to establish a safe way to introduce a beta-blocker. In general, pimobendan and/or diuretics are used for advanced patients who cannot tolerate the introduction of betablocker (27, 28) . Long-term effect and safety have been reported with pimobendan (29). Thus, preceding treatment with pimobendan (1.25-5.0 mg/day) and/or diuretics were permitted in patients with LVEF below 30% to lessen the risk of initiation of carvedilol (27) (28) (29) . Because the typical adult dose of carvedilol for chronic heart failure is 5-20 mg/ day in Japan, the maintenance dose was targeted at 10 mg/ day, but doses from 5-20 mg/day were allowed. The observation period started at the initiation of carvedilol and the introduction period was assessed as the duration required for up-titration.
For patients in the non BB group, the observation period started at the time of enrollment or at the initiation of ACEIs/ARBs.
Assessments were performed at enrollment, in the 3rd month and every 6 months during the observation period, up to 5 years. Patients were asked about adverse effects and subjective symptoms, and general physical examination was performed each time. Brain natriuretic peptide (BNP), mean HR (from Holter ECG) and left ventricular ejection fraction (LVEF) measured by UCG (30) were also checked simultaneously.
Study endpoints
Patients were considered to have dropped out if they fulfilled any of the following criteria: inability to reach the maintenance dose of carvedilol (5-20 mg/day) within 3 months, suspension of carvedilol and/or ACEIs/ARBs for more than 15 days, request to change treatments, or inability to adhere to treatment because of severe adverse effects. The primary endpoints were all-cause death, deterioration heart failure requiring intravenous catecholamine, phosphodiesterase III inhibitor or diuretics more than 15 days and severe arrhythmia requiring cardioversion or intravenous antiarrhythmic agents more than 15 days. Even after any events, assessments were continued as long as possible. The secondary endpoints were changes in LVEF and BNP.
All data were sent to a registration office, where statistical analyses were performed. A safety monitoring board supervised the study and monitored severe adverse events.
Statistical analysis
Student's t test was used to compare data between the two groups. A paired t test was used for longitudinal comparisons of LVEF, BNP level, and mean HR. Fisher's exact
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test was used to compare the frequency of primary endpoints. Because most participants chose their treatments, selection bias was inherent in the design. To overcome this problem, Cox regression analyses for primary endpoints and all-cause death were performed using treatment, age at enrollment, LVEF at enrollment, and logarithm of BNP at enrollment as covariates. Analysis of covariance (ANCOVA) with age at enrollment, LVEF at enrollment, and logarithm of BNP at enrollment as covariates was also used for comparison of LVEF, BNP, and mean HR during the observation period. Pearson's correlation index was used to assess correlations. Data are presented as mean ± SD unless otherwise indicated.
Results
The clinicodemographic profiles of participants at enrollment are listed in Table 1 . Mean age of the non BB group was higher than that of the BB group. However, there were no significant differences in LVEF, logarithm of BNP, or mean HR between the groups.
The mean observation period was 1,444±608 days in non BB group and 1,385±470 days in BB group (p=0.751). Eleven patients experienced primary endpoints (non BB group: 7 (53.8%), mean age, 22.0±7.3; BB group: 4 (9.8%), mean age, 20.3±4.3) and six patients died (non BB group: 3 (23.1%), mean age, 18.7±5.5; BB: 3 (7.3%), mean age, 19.0±4.4) during the observation period. The mean age of patients having primary endpoints was not different (p= 0.631) between the two groups. Fisher exact test showed a significant difference in the frequency of primary endpoints (p=0.002), although not in the mortality (p=0.143). Deterioration of heart failure was observed in 9 patients (non BB group: 5, mean age, 23.6±8.0; BB group: 4, mean age, 20.2±4.3) and 5 patients died from heart failure. Atrial flutter requiring catheter ablation was observed in a non BB group patient. Two non BB group patients developed critical incidents requiring cardiopulmonary resuscitation at their home from uncertain causes. One patient died and the other patient survived in a vegetable state. The surviving patient was not included in the primary endpoint because we could not specify the actual cause ( Table 2) .
Five patients dropped out of this study ( Table 2 ). Two non BB group patients wished to take carvedilol in the fourth and the fifth year after enrollment, respectively. One BB group patient with advanced cardiac dysfunction (LVEF 11.2%) stopped carvedilol immediately because of worsening general fatigue after starting this agent. Another BB group patient suspended carvedilol for 20 days because he was prohibited oral intake due to repeated aspiration pneumonia. The remaining patient (in the BB group) could not reach the maintenance dose within three months because of bradycardia.
According to Cox regression analyses, the survival rate free from primary endpoints was significantly higher in the BB group (Fig. 1A) . Survival rate free from all-cause death was also higher in the BB group, although this difference was not significant (Fig. 1B) . Compared with patients free from primary endpoints, those with primary endpoints had a lower maintenance dose of carvedilol (3.18±6.73 mg/day versus 6.73±3.78 mg/day, p=0.034) and higher mean HR during the observation period (89.8±17.2 bpm versus 80.9± 8.6 bpm, p=0.036).
During the study period, there were no differences in LVEF or logarithm of BNP between the two groups. Furthermore, no significant longitudinal changes were detected in either group, with the exception of BNP, which was higher in the 54th month in the non BB group (Fig. 2A, 2B ). As mentioned above, there was no difference in mean HR between the non BB and BB groups at enrollment. However, carvedilol decreased mean HR, which remained low during the observation period in the BB group. Thus, significant differences were detected in mean HR between the two groups at the 6th, 18th, 24th, 30th, and 36th months (Fig. 2C) . The reduction of mean HR after introduction of carvedilol was correlated with the dose of carvedilol (r=-0.474, p=0.002).
We further analyzed the relation between changes of LVEF and HR in BB group. When we examined the differences between data at enrollment and average from the 3rd to 12th months, mean HR at enrollment was correlated with LVEF change (Fig. 3A) . In addition, the reduction of mean HR was also correlated with LVEF change (Fig. 3B) . The magnitude of BNP change, however, was too small for a
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Survival rate
Survival rate No patient presented with severe adverse events requiring intensive therapy during the introduction period. However minor complaints such as mild fatigue, faintness, headache, increase in expectorated sputum, and respiratory infection were frequent, especially in patients with advanced cardiac dysfunction. However, it is likely that not all of these adverse effects were caused by carvedilol.
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The length of the introduction period was correlated with measures of cardiac function such as LVEF and BNP level (Fig. 4) . Ten patients abandoned up-titration (for reasons including fear of adverse effects and limited hospital stay). Accordingly, the maintenance dose was less than 10 mg/day for 15 patients (5 mg/day: n=13, 7.5 mg/day: n=2). Nine patients (LVEF 9-26%) received pimobendan. All of these patients could reach the maintenance dose of carvedilol safely, although three of them presented minor complaints.
Discussion
Many large studies have proven the cardioprotective effects of beta-blockers for adults with chronic heart failure (13) (14) (15) (16) (17) (18) (19) . However, data regarding beta-blocker use in children (24, 25) or in patients with muscular dystrophies (21, 26) are not sufficient to establish a consensus. In this study, we prospectively assessed the effectiveness and safety of carvedilol in 54 DMD patients. For ethical reasons, patients were permitted to select their treatment, hence bias was inherent in the design. Nevertheless it is important that Cox regression analysis after correction for age, LVEF, and BNP level showed that the BB group had a higher survival rate free from cardiac events when compared with the non BB group.
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carvedilol was associated with HR reduction. In the present study, patients free from primary endpoints had greater doses of carvedilol and a lower mean HR. In addition, LVEF improvement was observed in patients who showed tachycardia at enrollment and had great HR reduction with carvedilol. It seemed that a beta-blocker is more effective in patients with hyperactivity of the sympathetic nervous system. In this meaning, HR appears to be important in the indication and titration of beta-blockers since it reflects sympathetic nervous system activity. This study could not detect obvious changes in LVEF or BNP level. Because the main purpose of this study was prevention of heart failure, most participants of this study were in early stage of cardiac dysfunction at enrollment. Thus, their mean BNP was within the normal range and LVEF was relatively preserved. We speculated that it was very difficult to gain obvious functional improvements in such patients. One reason may be derived from the lower sensitivities of BNP and LVEF in patients with DMD, due to immobility, muscle wasting, ventilatory management, deformity, poor acoustic windows and so on (3, 4) . Another reason may be that the dose of carvedilol used in this study was insufficient to obtain significant functional changes, because other studies of DMD patients using higher doses of carve-dilol reported functional improvements (21, 26, 32) . A large study of Japanese patients with chronic heart failure (the MUCHA study) also reported that low-dose carvedilol can improve the prognosis; however, functional changes were dose-dependent (19) . These findings suggest that we should maximize the dose of carvedilol to obtain functional improvement when patients can tolerate it. Even when patients cannot take enough carvedilol for functional improvement, we should continue administration because it may still improve the prognosis.
The severity of cardiac dysfunction was associated with the length of the introduction period because minor complaints were frequent, especially in patients with advanced cardiac dysfunction. Some patients abandoned up-titration because they were afraid of adverse effects or wished to shorten their hospital stay. Nonetheless, severe adverse events requiring intensive therapy during the introduction period were not reported in this study and only one patient withdrew. This suggests that the risk of beta-blockers is not as serious as previously speculated (31) although careful monitoring and gradual up-titration is essential, particularly in patients with advanced cardiac dysfunction. Coadministration of pimobendan may be useful to reduce the risk during the introduction of beta blocker in these patients.
In DMD, cardiac dysfunction invariably arises in or before the second decade of life. Most of these patients are students, and hospitalization causes profound interference with their school lives. Considering the relatively small risk in starting beta-blockers (17, 22, 31) , we recommend that these agents are begun on an outpatient basis from the early stages of cardiac dysfunction. Further studies are essential to optimize the protocol for beta-blocker treatment in patients with DMD.
